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1.GMU:ALU INF'ORMATION X

-- •-•, • "1.1i0 Introduction ,
-. 1• ThI generation of electrical power by magnetohydrody,?ý.ic methods

•c~un we•hiewvd by the int---rction of •Lý6tromaaetiv fielas oith •-•Uovn
zelectric y conducting fluids. The basic principles of induztion, onZ

which this process of direct conversion of thermal energy tc electrical

energy is based, were established by Faraday in the 19th centu:r. At

the time of his formulation of the laws of electiomagnetic induction,

Faraday proposed the use of the R±vi-r.Th•aes as a: sourceýof electral -

power. He lowered a pair of electrodes from Waterloo Bridge, London,.

into the river in an attempt to measure the induced voltage that would

arise from the flow of the river through the earth's magnetic field.

The experiments vere inconclusive due to insufficient magnetic field

strength, insufficient fluid ve.locity and :luid electrical conductivity,

and ineffective electrodes.

The first reported attempt to-actually-develop an HED.generator

seems to have been by B. Karlovitz and his associates at the Research

Labcratories of 1estinghouse from 1939 to 1947.2'3 In order to investi-

gate the possibilities of an NOD generator, Karlowitz and his sasociates

designed and constructed a generator with combustion products as a working

medium and carried out several experiments. Because of the low temperature

and low conductivity of the gases, the currents drawn from the generator

were exceedingly small, even though electron beams and other devices were

used to improve the ionization. These early attampts by Karlowitt showed

that )MD generation was not practical at that time.

Later, in the 1950 's, as a result of plasma studies in controlled

fusion and missile re-entry work, a greater understanding of high



I •temperature gases was achieved and. this led to renewed effor-.s to achieve

electrical rneration by gas M•D methods. Similar advances in conducting

Sliquid studies stimulated new work in liquid MHD generation. BY 1959,

Spor ?and Kantrowitz pWlished a paper preserjiLing a deZiin sa 'foýo a

3 500 MY power station. Estimates iere made of the total investment and

r..i. -octs, and a veriety of technical T•rob!FWP were d1,cvased. As

a result of the increased interest in M power generation, a DC gas

SM D generator was designed and built by R, F. Rosa, in 1960, at

AVCO-Everett Research Corporation.5' 627 Ecperiments were run to investi-

gate some of the basic principles of operation, the aspects of seeding,

and the Hall effects. The generator produced 10 KW of power with an

operating time of 10 seconds and the results indicated that for the most

part the theoretical considerations were correct.

Since then, the number of investigations'of manetoldrodymnamic

power generation has increased very rapidly and several extensive studies

involving both theoretical and experimental ccnsiderations have been

completed. Aside from the considerable amount of work reported in

scientific journals, several symposiums on magnetohydrodynamic power

-eneration have been held in the Uhited States, 8-13124 and in other

.c tri s. For example, international symposiums have been held in

and in France.

this survey, emphasis has been given to the description and

reporting of work concerned with the various types of NED generators

rather than to the advances of materials study for the generators or the

integration of the generator into the overall power plant scheme. These

associated studies have been mentioned only briefl4.

The .survey is presented in two sections: the first deals with DC

and the second with AC )K) generators. The basic principles of opera

bu :L
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together with sowe of the performance data are givei for the generators

discussed. The present opereting status is presented together with the

predicted development nt<!

S.... =•2. I0 Introduction

The fi%ýun ental DC MMD generator, shown in Figure 1, is con-

structed around a duct, through which the conducting fluid flows. A

steady magnetic field is placed orthogonally to the flow direction and

also orthogonally to the electrodes. As the fluid moves through the

magnetic field, the basic generator interaction takes place and a

potential difference develops at the electrodes.

The generator shown in Figures 1-3 are charnel direct current

generators, the simplest and most widely innestigated of the various

types of MMU generators. At present DC MHD generators seem to be the

most promising type fo7 the large scale generation of com ercial power.

When combined with conventional steam generating plant, the MHD-steam

turbine combination could theoretically increase the overall conversion

efficiency to approximately 50% compared to an upper limit of approxi-

mately 45% that may eventually be realized with steam plant alone.

*_: Several MID-steem turbine plants have been designed and reported in the

literature. 9 - 5

Another possible use of MM generators is generation of large

amounts of power for short periods of time, e.g.,a few microseconds up

to several minutes. Generators specifical2y for this use have been

designed or corntructed which operate with combustion gases or t'a'

* ' detonation of a seeded explosive product.
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INLET -HOT n0

FIGURE 1. D-0 Channei MHD Generator -Continuous Electrodes



2.20 Linear DC MED Generators

There are two basic variations of linear DC MW generators (shown

SFigur - which are distin&uished by tne mode of operation. These

generators either operate as Farsad- (condcton currsnt) generators or

-they operate as Yall (Hall curent) genTeators.

2.21 Continuous Electrode Generator

With the continuous electrode generator of Figure 1, the Hall

coefficient aYr must be in the ranr MT < 1 (where ) = electron gyrofreqiuency

and T is the mean free time between collisions forc an electron). Under

these circumstances the net electron current is perpendicular to the gas

flow and a voltage is developed across the electrodes. For W > 1, the

electron current is no longer perpendicular to the gas flow and a component

of current exists along the flow because of the Hall effect. With the

continuous electrode geometry these currents cause additional losses in

the electrodes.

2.22 Semented Electrode Generator

For the range 1 <wT<10, the segmented electrode configuration of

Figure 2 avoids the losses which vould result from the additional crrents

if continuous electrodes were used. The axial current flow is supressed

by segmenting the electrodes, ar4 pairs of segments are connected through

separate external loads. Cross connection of some of the electrodes has

16
also been suggested by Dzung, and series connections hay-' been d1scusead

by de Montardy. The segmented electrode configuration ueems to be the

most feasible generator within preaent teahnology, although it does have

the disadvantage of the distributed -add.
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2.23 , Generator

If MT> 10, the net electron current is almost enti.ely in the flow

idirection and a potertial difference is eatablishe. beveen the ex4s of the

duct as shown in Figure 3. i-tis tyne of generator is called a Hall

generator since, unlike the preceding two, it relies entirely on the Hall

current for its operation. In the construction of the Fsneraxor, the

electrodes are also segmented but each pair.is short circidted except for

the pairs nearest the inlet and outlet.

L,,24 Performance Characteristics of Linear MHD Generators

The various perfoymance characteristics of the three types of linear

18 19 20
A MI generators have been discussed by Sutton, Croitoru, •1 rL•ley,

21 223112
Kvwbasiuk et al, Hwrris and Cobine, Celinskl, Coombe, Sutton

and Sherman,113 and others. Idealized theoretical. expressions for the

power density, open circuit electric field, short circuit current density,

"and local efficiency for the above three ideal cases have 'been snmnarized

in Table I for each of the three configurations. The quantities in this

table were derived under simplified conditions assuming conductivity,

"density, velocity, Hall parameter, etc. conetant, and neglecting such

effpcts as theimal boundary layers, viscosity, .lectrode losses, etc.

More information about thi calculations and asswnptions is given in

references cited above.

Figures 4-6 also indicate the power density and efficiecy for each

case for several values of the Hall coeffi.cient WT.

In addition to the electrmde configurations several flow possibilities

have been considered, e.g., constant velocity, constant temperatu-e, etc.,

24,25,26 2'T,28some of which have been investigated by Neuringer,W ay,

Ralph, 29 S - 30 etc.

-Bo, ec
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2.30 §geOtrical Considerations

un addition to the linear type of geometry with its variations,

there are _cetrical variations such as the coaxial generator' of

Figure 7. This geonwtry wa" employEd, in the early experiments of

SKarlovitz, As shown in the figure, tht coazLal geometry uu.r

operation &s a Hall gen•-•tor, and if the Hall coefficient tfr. is not

much greater than one, performance in this type of configuration will

sZ'±er.

Another variation is the vortex type of generator shown in

Figure 8. A conducting medium is made to spiral outward or inward

between two concentric cylinders which are located in a msC;etic fieAd.

The regultant V x i force causes a current to flow between the two

electrodes and into an external load. The analysis of this type of

generator is complicated but a f-.w investigations have been carried

out. 3 1 3 5  It has received iaore attention lately as a possibility for a

liquid metal RD generator. 3 6

S1 he vortex generator operates on a conduction basis, that is, the

interaction between the tangential velocity and the magneticifield

produces a radial electric field and current flo.-' The generator can be

modified so that the flow of gas is essentially radially outward as shown

in Figure 9 and the current flow inducnad by the magnetic field is every-

where circumferential. With a strong enmu&h magnetic field, Hall currents

will be present in the gas flow dire' tion and the generator can be operated

as a Hall generator. This configuration has been considered for use as a

3T
non-equilibrium MM generator, using the fact that the strong induced

currents will create joule dissipation in the gas and raise the electron

temperature vell above the mean temperature of the gas.

... ,. - _ .
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he .i..k geometriese,( i

types, appear to e- wll suited for magnetic field considerations uhereas

the eo:df - geetry is pobabJly the moet di'e41lt. In FAddition the

coaxial geometry is the most disadvantageouL, frroc the -po:tnt of view of

heat transfer and viscous losses. The results of one ztudyII also

indicate that the disk geometrf is inferior in performance to the linear

generator.

For the most pert, the linear geometry has been the rist -?oprlar.

geometry for investigations. Not only does it have the advantage of

its simplicity but also it has the v.bility to operate as either a Hall

or conduction type depending on the Hall coefficient. In addition, the

ge-uetry permits an easier analycis when considering the aspects of

variable velocity, temperature, etc.

* •2.40 ZOED Generator Experiments

The first #W) generator experiments were those carried out by

2'
KaýlQViUt: and., H"la z tW t~bs 1z ~~ ro .t3r1.4. Betause

of a lack of Knowledge of gas properties at that time the expbriment

S-failed to produce suleficient amounts of pw-.., even though electron beams

vere used to enhance ionization.
The next experiments, perfomed in the late 1950's and early 60's

utilized plasna jets ss a thermal source, since the higher temperatures

38
needed we.L not avuilable from coastion flames. Way, et al,

erftomed the first combustion experiments in which over 10 KV of

power was generated. Since then several experiments have been carried

Sout utilizing combustion fes, tbe largest of vhich is the AYCO Marek V

designed for short duration use and will pro(.u~e approximately.40 W•
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from a therml input of appror•istelY 300 MW.39 -ther NED experiments

have also been carried out in England, France, Poland, Japan, and in

-the &S~t. O

PA3. 4 rriments in thha United State

A2 mcntionzd aboe, several eperinnta with MUD enerators have

beet succeCstL4y performed In the Uimted States, and le.ignt ",ve been

carried out £o• large and small MbD generatoers. For exampla, a

prelilinary desig of 1000 and 250 MW generators for short duration

~40
use has been carried out by Pratt a4d WOiitny Mircraft. The generators

bhc.,e been designed to produced -%owvr for duratlozn up to thirty minutes,

wvi4h a total operating 'time of twenty-four houra. Although construction

aand iperaon of the gererators has not been .carried out, exteuniYu exero-

mental studies of materials, plasma, system• analyis , etc. have been

conducted. Sowe of the design data for the I.000 MW genevator has been

surmtarized in Table II below.

Table I1

Fluid jP-4 + o.1%Kx1+o
Inlet D•imnsions cf Channel leight, 9.48 ft.; .Lb, 5.58 ft.;

Length, 13.31' ft.

Mech No. Lnet 3; Eit 1.52
Magnet Field Strength 3 wb/a 2

Cross Stream Voltage at Ioed 14,595 V

Axiael (nail) Volta&e at Load 4,0-
Gross, Power 1300 MW
Net Power 1000 MW

Total Mass Flow Race 1,649 xb/sec.

Energy Souwce Combustion Chamber

Reference W0.

_-__ " a,--" '-
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Some of the experiments perfonrmd in the U. S. have been summarized

in Table III along Vith some o.! the pertinent data c-ited in the references.

The first oucceesful unit was built by AVMO ana reported by Rlosa. Tlha,

generator was the segmnted type driven by a 2.4 MW Argon plasma jet,

with neither the jet nor the genemtor cooled to allov easy modification

nf he- equipmnt. 'ogthe operat.,ng ktof t h tnrarwa

-mlitect the experimmits dlemontr~ted that. significant power could be

gtn.eraled from a movnig plasma and, for the most paxt, that theoretical

co=iderations were correct.

Similar ezperiwnts were caried out at the G. E. Space Science

Laboratorien by Foshag atd Were4 and by £utton and Robben. 42 In the

experiments of Sutton and Bobben, the plasma rouree was a 2500 IN plasma

jet with nitrogen as a working fluid. The results are shown in Table I. A

At Wetir-houae, WWI at 4., developed a combustion fired

geterator with an output of apprortnmtety 8i KW. Extensive studies of San

conauctavities, materials problhmu, etc. have been carried out. Values ,

for tvo experimental ruim are alao given in Table III. I

A small MW generator usin8 continuous electrodes has been reported

46by Mullaney an Dibelius. The generator was powered by a propan -oxyren

burner atd masuremnta of voltage-currnt data were obtained. It wan

rfound that the power output varied as the square root of the seed

concentration.

Succeesful combustion experiments vere also carried out by Blackaan,7

J* et al., at M~l Research Inc. with emphasis on the gas dynamic aspects of

the duct. A segeznted electrode configuration was used and voltage-current

characteristics were obtained from five pairs of electrodes and losves

from leakage currents, bountdary layers, etc., were analyzed theoretically.

-' .. .. .. . . ..f.. .-,- . . . . . .. .. . .. -. ..



j~20j

j TabUble IX

;CIA AVOMrI.VORr

Generator Type Segmented Electrodes $eg..Aented' Leoarodes

Dimenuions Iz3x20 irlche3 3x9' -3x13 out 60' long

Gas arAc Seed Argon + 1% "C203 M-ethyksyclohiexaae
Rtby]. Alcohol + ICOH

Ve1oc~ty Me~ch 0.7 )ac~h I.
'We, perature 28ot0ic 3000 K

Xlaeo-4rod±e M~aterial Tu~ngsten non-cooled Grabi~te

Inaulator Material Transite 2o-b.to

Magnetic Field 1)4 1(gatwsu 33 INgawns

a esure i32 Pasa=.as

llAai FlOV 300 gm/00c. 3-6.5 lb/sec.

Voltage 0enerated 55 volts Wtcp 1400i~ volts

Current Ger~rated Uip to 800 OVAu tip to )45oo mpps

Pomr Generated 3.1.6 xw 1. 5 WV (Peak).1Pover Denity 20 watts/1= 3
-

Test Durationi 10 sec. 1.0 sec.

Elec. Conductivity 80-150 Mhos/m 10 ,nhom/m

Eflficienlcy 0.1 Heat -4p Xlec . 3-7% heat; 80* local

En~ergy Source plasma jet Combustion Chamber

2. 4 W max. Ijput 20 MW Input

*Refeences5-Y) 9-5.
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ev-4 d.

GeneratAr !Ae Sepknted Electrodes segmented - 3 Par
Diein x/x4inches i.62x14.8Tx16 inches [

Gas and Seed Kerosenie, Alcohol + Diesel Oi:l, buty3.
02;N and K) cel'Lulose & potatei±ud

2-ethyl hexoate +
nitrogen

Velocity Mach 0.7 to 0.8 00m/sae

Electrode Material Rtefftctory Metal Test I, Tungsten
Test II, Graphite

Insulatatr WaterIal U80 Magn-~esia

Xapnetic Field- 20 T~au~s. 3-1)& K~aums

Pressure k- atwoosphre

Masa Flov 2 58 lb/min keroaene 0. 5 ken/lsec
0:65 lb/mn galcWbbi

Voltage Otherated 50-330 volts .Tebt X, 85 v (O.c.)
Test Up 100) v (o.c.)

current aeneratedi 6 ams (one electrode) Test 1, 180 ap(S.C.)
Test OI 8 p(.C.)

Pover Generated 1.03 KW Test 1, 3.6 XW =ax.
Te3t IX, 8 XW MAX-

Pover Density -

Test:Duration 30 mtin. 10 mini.

glee. Cond~uctivity 1-10 mhou/ca 18.-20 uhoa/meter

amciency 0. 2 Beat -

Energy Sovwco 0GabuistloA Chamber Conu~b~tion Chamber
1 W peak

* ~ ~ Uftef~nces 14T, 115.
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TtlmTT-T(ci e)

- - G. X. Reezarch Lab IC. R~esearch LabI

Genebator TYpe Hall - frdVcon~tinuous

Dimensi±ons 2z~x& imhegie 2-8X2. 914.9 qC

Gas and Seed Air, KO ~opwi + 0 + Ký'Co
2 ~ 3

(1-4byweight)

jwa*01ty 720-T)40 m/see 956.8 M/Eee

IT-rperatuxe 21001K 23000 K

Electrode Matemial sic Graphite

Insulator Ma~terial X6 M0

)4agnetia Drield 3-12 K~awne 4.250 gauss5

-. Pv~s~e Paips±

AVolt~ge Generatod 90V 90 v O'T volts

Carrent Generated~ 1 anro - 9 mp 0.23' sam (sxc.)

P ow~r Getieruted 15 W -20 W 0.02 watte

Power Density ~ 0.13 w/cm3 -

To-'t Dmation min. 5 m~u.

IL1ec. Condctivity 1-2 %hos/Da 10 Mhos/uiI 3±~Ic1eney

SInergy Source Coa~bution Chamber Oombustion Chamber
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Oenerator 147pe Se~ymted 4 electroadmea

Dingnsioiiz 5/8 x 4 x 24 inches

Gas mi~d Seod + 1~0

Velocity Mach I
0Tempfttrte 3200 xC

Electrode Material Graphite

Insulator Material Refractory Materisl

Map~etic Field 11~a~e

PxeLsure1.2 atm.

x"S Plv Rate0.55 lb/ooc.,

Voltage Genr~eated 78 volts (O.C.)

Qiirr-t Ge~ieted 70 amps

Power Gen~erat~ed 6 Kw (max.)

POwer D.ensity

T~est Dturation 10 eft.

Elec. Conductivity, 25-200 Whos/rn

3±'fciexcy0. 2 Heat .Elec.

Mmft'mr SOUrce 2500 xV I
* PlaSma ArtIeoec 2
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Problem of electrode erosion, materials problems,, and noise level

i .studies were also carried out. The results indicated that NO generators

could be cozstr.cted which operate for periods of several minutes.

Barris and Moore have reported the successful operation of a

geiaeratoas a enarAdk- a nd g gcratoa. The generator was also the

(3segmented type operating with air as a fuei seeded with KN--t The

recults of the Lzperimeats are also shown in Table 1IX.

As a result of previously conducted experiments and.,a study by.

Kanirovitz and Sporn,4 AVCO began =n investigation of the feasibility

of M1D power generation. One of the areas of interest vaA in MHD

generator fluid mechanics. The Mark II generator was built as a

facility for detailed studies of the electrical and fluid mechanical

problems associated with practical, large sized generators. It

has produced up to 1.5 Megawatts of power for 10 second runs and the

results of some of the studies are ahown in Table II1. The generator

is also the segmented electrode type operating from combustion gases.

In addition to the Mark II, a long duration test facility has

been built for long-duration tests of generator components which are

exposed to the hot ionized gas stream. Several other authors have

presented studies of similar systems and mterial studies.54,133

121,122Recently, some results have been reported on the successful

operation of the AVCO Mark V XGD generator. The Mark V is the first MM)

the feasibility of the AD concept.

The generator is a rocket driven d-c channel MUD generator designed

for a net power output of 20,000 KW. Some of the design parameters of the

g itor ame sumparized in Table IV.

3! .- ;"

I _ .,.• _"... ':•, .- . , . . -.•.••••'



Table IV

Cvmbustion Souzrce Rocket etagine operating with a mixture
of ethyl alcohol and metbyl cycloheae
combusted with biygen

MUDs Flow 60 xg/sec.

Fuel Flow 19.1 kg/sec.

0.PO.-dizer Flow 39.8 kg/84c.

Seed 1% VDtH by voliume

Seed Flow 1.1 kg/sec.

Combustion Pressure 8 atm. 0a~.

=tSai Pressure 0. 9 atm.:- W.

Magnetic Field Inlet 35 JC,.Ou ~t. 30 Im

Chamnel Inlet Section 0.126 M2 area, 1.12 a long

Excitation Section - o-126 2 -0253 ý

- . lectrode System Excitationi Section - Contirnwus pair

Power Sectian -Segmented 50 pairs
(0.4 MW eacti)

Net Output Po~~er 20 MW

Gross Power Output Z40 K4W

I. ~Referenaes 321, 122.
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F'ifty-six power generation teats vere carried out to determine

Oper ni_- d *-- "f-excit..!tton con'1itionx- for 'the in4ze t-~ A

net power output of 23.6 mG v ao prod-aced at o~nly 87% of the design flo~w

rate.. with a gross pover output of bnJ., 32 MW. The transverse voltage

for: one teat varied from apqroximte4 500-1000 v'oltz over the length

of the power section. Details of the design, construction and experi-

maents can be found in the references.

2 .42 Deyl ents in M~WGenerators Abroad

The following summary deals vita some of the experimental work

carried out in England, France, P'oland and Japan.

(a) Enln

The Centra~l Electri city Generating Alcard In England haa been

interested in an MOH ge~nerator as a topper in a conventional steami

turbine pl~ant. 5  Most of the vork to date has been In the areas of

electrodes, duct valls, mge t, etc. The various exp~rI'lmental facilitie&

available to thema include-an oil-burnins m~g, a plaama jel'. electrically

induced, an electromagneticall~y dr'ivt3 shock tu~be and a mercury,

closed-cycle apparatus. The generator vitik 'which most of the work has

been done is of the segmented electrode type using fuel oil seeded with

1% potassumi. Due to the avallability of coal in England) it is hoped

that this material will show promise as a fuel in the future.

In the area of duct welhs, most success has been obtained with

water-cooled metal tubing with an insulating material such as alumninaf edwichedA bet ween the tubes. The tubes w~e angled so that they lie

aogequipotentialo in the gem and operation. of man hours hae" beenj - obtained with no approciabJA deterioration of duct walls. Csxbozh

el~ectrod~es inserted directly into the fleas surv~ived for loes then a
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minzte; and ~ of-~P~ 0 ý3 ~I~vmre obtaslnted vhen

using water-cooled coqVW~ a3 electrodes.

Lindlyp I 911 ha found that overall steam turbina-MIE

generator efficiencese of 50% dhould be obtaina~ble in 3.0 ::r Ik

W th a future prospect of 6(>%. His experimenital facilities are

located at the International Research and Development Cctpany, Ltd.,

at Newcastle -upon-Tyne, U. K. Sow~ of the speecift cations, of his

work includ.e:

Table V*f

Type of Gei~rator Closed-loop

Electrode ConfIguration! Segmented

Gas. Hellum

Seed Ce 9iA UP to 3%

He. Mass 7lo" 1-10 gm/s

Exp. Nozzle Inlet Temp. 1500 -25000K

Exp. Nozzle Inlet Press. 0.2-1.2 atm.

Exp. Press. Ratio 2

Mach. No. at Gen. Inlet 2.3

Velocity at Inlet 3400-4000 r/

Du~ct CrossS ection 0.5 x 1.5 inches

Duct Length (esg. Field Region) 5 inches

Hag. Field0-2vL2

Duct Material AluianaI Electrode Material Toatalurn

*Referne 57-6&.



_ The work is closely associated with the possibility of urtilizing

a high temperature nuclear reactor heat source in conjunction with an3Me ga,•mto and stem cycle, the ovrw . efficiency of such a stem

bigestimated. as up to 6O4.
Future plans at ThD include modification of the present duct to

Sf, allow for other electrode configurationas and the building of a

Bitter-TYlOe 30 K gauss water-cooled copper electromagnet. Technology

gained from this is hoped to be used in building a 50 K gauss super-

conducting Helmholtz pair magnet, which ic already cor=.issioned to be

built.

56Fain and Suq have extracted electrical power of 0.32 MW fcr a

duration of 100 microopconds from a ohock-ionized argon. The experiments

consisted basically of exploding a 10% oxygen-9" hydrogen mixture to

drive argon (-he 02 - H. mixture and the argon were separated by a thin
2I

copper diaphragm, which burst ,apon ignition). Shock front velocities of

the order of 4 x 105 cm per sec. were obtained and could be adjusted from

Mach 8 to Mach 23 by adjusting the presseues on both sides of the diaphragm.

Temperatures of 12,000°K, degrees of ionization of about 20%, and con-

ductivities of about 10 mho/moter were observed as the shock front was

passed through a pulsed transverse magnetic fielA of 10,000 G.

The pulsing of the field was accomplished by discharging a 900 Mf,

5 •CV capacitor bank through a pair of coils arranged as a Hemholtz pair.

Since the period of discharge was approximately 1 msec, the plasma sav an

essentially constant magnetic field. Proper timing of the capacitor

discharge and 0O2 - K2 ignition produced the kaaximum field as the plasma

passed through.

both a small and a large elect,^ode system were designed. The sma~l

s~tem. consisted of a pair of copper electrodes 2 cm long emd of i1c

4-,'J

.........................................................................



crOss-section. The azrangement was such that the electrodes were j
perpendicular to the plane formed by the plesma and the megnetie field..

•--=•3•• iThe larger system consisted of two brass electrodes 7 cl iong with a

4 cem arc.

At maxizmm loading, the energy withdravn represented approximately

30% of the total energy available in the plazma.

(b) France 6

The Electricite de France is conducting present work with an arc

jet generator facility to gain expbrience in *tasuring the plasma

parameters under high temperature conditions. F0uture -lar include

several open-cyela MWD generators and studieF of high temperature

combuztion processes.

The Co ~issariat a l'Energia Atomique in cootdiration vith the

Inatitut Fraricais du PFtrole is involved with open-cycle generators in

an extensive program of combustion plasma diagnostics Electrical

conductivities ae= meacured usiiv; graphite electrodes in an annular cell.

Be-edir:g has been investigated, ,uszin kerosene seeded with Tpotassium

hydroxide in alcohol and btyrned •ith oxgen enriched air. An arc of

100 V P-P, 50 c/a, was used to obtain the voltage and current charfc-

teristics. Evidence of the formation of unipolar arA cathode spots was

observed, the effect probably depending on tevperature, ther oemission

density, cathode space charge, mnd the extent of the resulting magnetic

field. Somn of the results of their experiments are shown in Table VI.

(c) Poland•6•. 9

The majority of work in Poland is being conducted at the Institute of

Nuclear Research, Mwierk, Warcaw; and is concerned with the open-cycle DC

type of WID generator. The project was begun in 1960 with smal]. Dover

7!
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C e-.0 S S C 2. 1 xx --

Insulating Weals Magnesia

Electrodes Gra~phite

Magnetic Field I 'b/Ti2

Inlet, Pressure 1.~ 4 tm.I

Inlet Velocity Mc .

Thermal Input

+2
02 + 6WKW
02 + 2  0K

SpeoiVtc Power 0.1 h

References 61.s79.

gererators and experimental results obtained during 1961. anw 162

In 1963 a l.arger device vas designed and is at present being tested.

The work~ to da~te has been In the earea of materials and instru-

menitation. The-search for non-ablating el.ectrodes using pure graphite,

graphite coated pyrolyticaZlly with silicon carbide, pure silicon carbide,

and silicon carbide with silicon nitride has yi4eldbd no satisfactory

resu.lts. A research program vas begun i n l96J to ctudy zirconium oxide

erA s~ie meta.' boriles in this applicatiozi but no resialte were available

as of the Paris Syapsiimu in July, 196~4.

ui~tab~le for wall insulation in the conditlans siudlar to those taking

p acei Mc gnriators. beenfosractedy bin of~e tgo test at2i' AlsjRf

------ - - -
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Caztofrar, Fte hav' becn tested vitb he~at fiuaxe of 14d v/as for

sic and Al, o-0. ane. 71 v/ýfor Hefrex rersetn he two Oxtremaes.

The V~aa t~ct~rcm9eg ckybillties extrtI 140 20,,000 gmas and~

fututre plans inclu4e testing of a 1 MW thixmal bxp~ut sayt~mj whic

* construc't±on was beg=i in 1963. Sam results of some~ of the wxperinents

a~re s~aovn below.

Generutor Segm~ented Electrode

Fuol Acetylene

Oxidant 03Wgen

Sted IaC o3

Cbamie;. Dintnsi.ons 6.2 cm x 1. 4. vith '0. 9 cm electrode
upaciIV

El~ectrodes Graphite

Du.ct Wellse Trnnsparent quart tub6

Velocity m/E 4 60 80

Duct Wall Tooperature - 1900

Duration of Run min 3 3

Magnetic Field vtyin 0.5T 0.68 0.57

Mai= Power nih 0.02. 0.03 3

S. C. Current MA 0.2 0.4 30

0.-C.-voltage v 0.2 0.3 0.4

PoerD~iyW/a 1.3 3.9 390

Ow - ~Conductivity xho/rn 0.01 0.014 0.78

%efersnmou 62,79,

RIM I
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(d) nn

3 Japan's progress in the MHD field was vell presented at the Paria

ate:•iatonal symposium amni it 1) OvIdent. that. their effort is, pla--ed

to le UZa'r,%o.aat 1A iIh tbAh ftue Ito, et al, reportedi s=

results oza an Mfl gen~erator driven by a plasma 1jet. The meoiaurements

performed on the iW dUct included apectroacopic me~urements of ttzper-

atuxe and. electron density as well as the usual mossuromento of velocity,

flow rate, etc. Some Investigations of space charge efVecta also wero I
presented. The experimxental resul~ts of tbe zeasuremento were conpared

with the theoretical values from a one d±)sensiorm! treeitment andt the

discrepacieo were discussed. B'a of the results are shown in Table VIII,

Ta~ble VIXX

SEnergy Source PFamm Jet

PVAi Air seeded wvith 1% vOliae of K

Thtwusionft Area 36 cm' Loth 90 cz

Mass Flow Rate 200-300 g./ec.

Electrodee Segmented (20)

Mia etic Fiell 20,000 gauge

Tei• >erature 4000.50000 K

Pover Generated Up to 10 KW

• efereaie 63.

Pushimi ad We6 have reported some results of wA experiment on

a gas fired MID gsnetator using proy.dne and oygehn seeded vith MOR.

i dimensions 2 x 6 am by 19 ca long. he plawaa velocity in the
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ITreportad by Yoat n t n o z h eal r ie
belov,

Table

F~e1 Oil aud o~gen aaoedrd with K
aezierixtoz, Mmosie5( xf~f 3'!-R-x10 M

Xlectrdet Crboii eeamnted

~IPotic F161d 15,000 0saugn

Macc 1).o' Hate Too P/60

wefuzumnve 65.

More recent results have as.o been reparted by Xmalzmoto,125

&,.. anid =v as f ollows, Moot Input 7 3W; _feIs3.*W w0*, ltght oil

and X soap &ssovod ini the tul sAzt oombusted withi oxygen; ccwbuistion

1ilov rate, 800 g/soc; =ax. ol.eo. output, 20 1W "M operation time

5minutes. Tb* combust~r in 4oesigtd as a reaction motor) and the

generator chawal) id aovztruettA o' Y4g0 side IaL britka wtth 20 jýira

of vaphto Ilactrodes. via txeimetnto Vora Carried out with the gas

flow varied trom 300-800 g/s; at the mxxIm= flow rate the nio-load

ton tine the vrevent output.
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Direct current magnetobyd~rodynaanc ge-neratorn hav-e zev'trl design

inhere.nt d-iuaava.nts •. For t I t" r•q-olZ ,.. r e"asiae

conduactivities, týhe direct tontac 6 of the electrodae with the gas

inroduaes prob-lem o? electrode erosxo.n elnd pitting, in addiktion to

anode and cathode voltage losses. It ttae ev~ctroden are cooled there

are large heat transfer protlt'ma 3Ml (ol boundary layersi form on the

electrodes which decreaae t'ie temperature wad conductivity of the Sao.

Anothier dlisadvantage of the DlC generator is the problez of inverting the :

DC to AC for use iz conventitonal powt" systems.j

because of these difficulties, several investigations have been

carried1 out to investigate the possibilities of direct AC MU generators.J

Most or the gtueatentr which huve been proposed are analagous in sowe

mamner to conventional AC machinery, e.g., induction sand uo'nchronoug
generator""wh the rigid metal conductors of the conventional generator

replaced by a conducting ±oxtdzc4 gas or liquid zetal.

In comparison with the vast amount of materia published on DC

generttors, a rela'cive3.y smaul amount of work has been carried out on the

deveolopment of AC M'W generators. This is probably because of the lower

coupling available Wetween the gas wad the magnetic field in an AC MOU

generator when comered to a DO one, san a"s because of the large reacti m

power requirements in cto~arisoc withthe amount of power generated, within

the syitest.

Recent dewolopntu, however, have indicated that liquid intlu1 with

their higher cortiuctivitisa are suitable for use In AC NOI generators war

-: ... 4 4. .. ....... . .
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I' SsevercQ other -• hava bee sugatad wid inveotg&Tafe" which make the

outlook for AC generation more promLsing.

Svera. basic metnons have been 5.'eu st•- for ACC I= Sem s

The ma~netic field through which the fluid flowv can be varied at the

desired frequency. the flow of fluid can be pulsed to give the desired

variation, or a spatialUy distributed zagaetic field can be used which

can be stationitry or traveling.

1n addition, there are the usual geometrical considerations which

have been considered, e.g., a linear, cylindrical, or vorltex geometry.

A/ ! A large volume of AC MHD work so far has been carried out v±th the

cylindrical getoetry which is easily available in shock tubes,

An XIO generator with an AC =Waetic field could be similar to the

ordinary charnel DO M) generator with any type of alternating field.

lfovaver, this e.proach doeu not reduce the problem of retaAning the

electrodes. Another method which might be used is the induction type

sho-m in rig=ue 10 which has been iuggested by Harris and reported by

Lin• r ,Lq y An applied radial alternating mn•getic field produces am

alternating electron current in the plasm which sets as a primaxy

transformer current cou•led to the secondary coil which provides the

electrical output.

Clark, Swift-Hook, ad W have conducted a study of the

various types of AC MM generators, and two of those reported were:

(a) Generators similar to the DO type with a ti varying m•atic

field, and (b) Generators in which the fluid is used to molify a

travIeling wave. It was concluded that these two typen were not economic

for the viAC combueti= •no the lar. reactive energy

storage required for the AC,*grietic field. Some of the resu~lts of this
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POLE PIECE/
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FIELD

FIGURE tO. Induction Generotor with Alternating Field
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stud arc preseateai below for fuel oil. combustion products seeded vit1h

one We cent potassium vith, an applied magnetic fiel.d of 10,000 gausas.

Table X

Gas Te•perature WO°K 2500 K' 3006K

BlEc. Conductivit. (aue/m) 0.8 10 80

* rVelocity (rn/Sec) 690 TTCI M4

Max. Pover Density (4W/m 3)' 0.1 1.5 3.4

)4anetie Reynolda NO./meter 2 x 10 3 x 10 3 x10

Q of circuit for 4Amping looses
in rield'equal togenertted power 2,625 169 17.7

Capital Coot of.. Fiel drvngX $WA~ 100f #430 $1-4

of generated power

-References 6T,68.

For pulsed gas streams, several generators have been suggested ard

investigated. Techniques for pulsing gas streams have been ±Yit gated

mostly in England wAd France. Iasi caliy the methods proposed consiat

of passing alternate high and low temperature regions of gas through a

generator as shown in Figure 11.

SThring 6 9 has proposed an idea of using two fluids for pu.pod

generation. By injecting a short pulse of fuel and pure oxygen into a

nozzle, aLbowing combustion to continue as the gas passes througb the

nozzle, a high temperature zone of gas with good electrical conductivity

is sandwiched between layers of a tbermodynraic vorkIng fluid, allowing

opeistion with a better thermodynamic cycle (Figure 3-1).

r.
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Iticeteeax and etog have Published es~cUlatiOins for' a D) Ct1ainoeaiigvtiam aino he5a rt~rpJt

cycle

Helium XRerosene

Velocity 2160 rn/sec. 10(Q0 r/sec.

Col.d-Rtegions TetQ 16500K 5O1

mean Tep 181501x 2756"1

Tooty76 m:/eec. 500 /ec

I~eni 3t-.305'K 22!300

Oveitw&U S~ecific I'Ovr 2.35 M.W/M3 fttrance ftaelftc Pftier 4.8lNs
Wdt Specific Paver 1: p 11/m3

OealEtficienc 36% 15%
mQgaetic ?ield 1 W/i 2 1 /n

Referen~ce T0.

Xergy awpliso t~o Mftrmq Ci.rcuit
~ieWgy 9i~s by hiot souarce.

Th~e authior coznc1uad. thiat a modwIAtion, of the Waa, if otable fros

ftt"W. to exit voiuld be a considerable imPrOvemzt Over the ordinary

UW generator.
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rperimewntall inveotigation of stril&Led flows have been carried out

by Devime, 71 ý andi also by Machal and Servanty) 2

'1 4.1- iior bo4 D-SV-i=p at &:L the temperature vams modulata4. loy

electric power produced across an electrodi channel through which flowed

a mixture of air, ovgen burned with kerosene and seeded with 0.8%

potasuium. The device consisted of two stages, a modulation staie end

a second stage consisting of an aplifier which delivered power pro-

ie rtional to the conductivity. Luminosity modulations were observed

using u stroboscope and camera with the first stage operating at 50 :z.

The temperatures were 2,700°K for the hot zones and 2,10°0K for the

cold zones with a velocity of 310 m/sec., and a thermal input of 150 KW.

Lwninosity modulation was also observed at 1000 Hz. Marchal and Servanty, 7

have also reported on an experimental attempt tc produce striated flows,

using a burner In an acoustic resonance chamber to produce a wave system

with modulations in temperature. The first stage has been operated for as

long as 40 minutes at frequencies of 400 and 670 Uz without frequency

irregularities or combustion abnormalities. Other work in France has been

reported by Karr, 3 in a paper which suggested the mixing of two different

gases. The two mixtures will be fed alternately into a combustion chamber

with a rotating disc acting as a regulating valve.

rraidernalch,Tg'T' et. al., have also investigated the possibilities

of striated layer MWD Generation. They investigated effects of soe of the

Raleigh Taylor instabilities and concluded that there is a growing rate of

the instability which causes the characteristic time of the disturbance to

be less than the transit time through the duct. Frvidernaich, has also

investigated the cae of a finite cdat±Vta fluiI2. Uzid by a non-cotiduct.ing

one when a uniform horIzontal magetic field amd vertical electric field2



}) • are applied, He concluded that for the deceleration occurrin in the

Sia!se V- -striated !---- g Ecn t-r, a rang 0- w..,ag-v exists

=•}for which the d~sturban-e is fast enough to destroy the equilibrium

S• configuration.

SIn one experiment reported, T6 AC pwrwas generated using a pituse

j•et w.urce idth a steady magnetic field. The combustion source was a

se1 pulsed :jet:.op&-ating-,on g•sli•n and seeded with one-half to one

-- ! •per cent potmasiu by veigbt. Both inductive coupling and electrodes

were usd. to extract the energy trom the gas. Seoe of the results of

etthe experiment am sutmarized in Table was gene rn IX

Table XII

OG"s Petroleum seeded with potassiuL ethyl hezoate

Source Pulsed gas Jet

Magnetic Field 500 gauss

Velocity 4,00 rn/see.

Frequency 400 Hz

Width of Ges Stream Perpendicular to Flow and Magnetic Field - .025m

Output Voltage Carbon electrodes - 0.5 Volts
400 turn coil - 20-4) millivolts

*Reference 76.

It was concluded that although it is possible to generate &I power

by induction methods, the pnewr leNvels obtainable are small cupared to

the case wzere electrodes are used.



A, rhock -wav Acý M generstor to be used -tconJuiatit±n -with I
nuclear reactor ha. been suggested by Brocker and Chevalley. The

bawic ge eror consists of two mhock tubes which contain electrodes

which nare presumably located in n apnplied external ._field, aea a 5

distributor which allows a preheated driver Sas to be introduced into

the tubes. lthe procedure for operation is as follows. The driven gas

fills the volume of the tubes initially. When the distributor rotates

to the apvropriate pooition, the heated driven gas is introduced

creating a shock wave which travels down the tube and into the WMD

generator. Here the gas is decelerated as energy is removed, and when

it reaches the diffuser, it is further decelerated and its kinetic

enrgy transformed into presaure. The re-opening of the tube by the

dittributor alloOs the driver gas to be evacuated until its backward

motion i• •stopped by the closing of the tube, and the cqy-3e will start

again. '-No tubei are uned, each tube giving power over a half cycle

only. The de! tei. of a 500 MW power plaut for 50 ilz power was also

conaldered.

.snumln8 that continuouns anct pulsed gau streams are available, j
otvertnt gererator configuratiops have Ieen proposed and investigated.

Th ese are classified in general no 'nrxsaatric, induction, synchronous

iwluitic4n, ard travuliig wave aaguaeohydrodynmic generators.
i ~ ~3.00 :• I•and 9ynchx'oa2!!! NP OGnratora

Tao induction MIW generator han been 3uggested by lawir77 r Ixn a

M; I. T. thuiii e'riprvlded by Akhurst. His method was aloo suggested

a,-r by i iatrt.' The basic configuration of the generator is shown

"in Flgure.t 12 =an 13. tt consiota of a cylindrical non-coi'dvct:ng

channecl srit h couccitr.c coil. -.Lugs uf c onductin• mterial Move

A ' I .I - I - - I i I ' I I
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FIGURE 12. InduCtIon- Synchronous MHD Generator



perioct.uafly through the coil azd interact with the isgnwtic field 'to

poueelnctrle&3. eneray. Such a siystem has the advantages not,

electrode problemu, MhL~or vorliag temaporatutes oTt 1h, v"r er44.

poooib$34Wy at ACI production.

7awu iw~ uu~a or extracting the eleetri za1 energr haw- been proposed,

One !.a to use tonuliy v!lt _ Ouh aztth xe thmn in flw-qxao 13)

whereby the circulatix* cunrbtht Irducad in the- moviu6 pLwAa 'by tuo

priwnt, field catwc a voltage to be Induced In'tlw owtputwtdnn

(keneratoraoat thia typo have been re±'orred to oA InducAifou Or irtdkt&

tion-aynebrozuou MCT gonorators. Tho other 4osglbtIlity -0) to imke w

ot the pnnuvtctle. amplitl~nr prtl'41.4A¶ ývnth ondimxnajflu ci~rouit uuwb 4w

the ono uhomm in ?tsure 13, A himilar v~tkaod Wa bccte~nnl w ntiod IV t-o

otner tuthoru' &An the! ccpdveiaat circuIt iu- iboutm in Vtnr4rn 1.4.

tn t~p ottgufration of flguz 1'4 k Uth rociatonec r to much 1000 thea

the lowd real "taact3 R-- but the Ixductauce; TIM a lo 1 IIrgrc an r~nalho Do

thAt thin DO- ociking ourrent (Intm thrutigh r, L, and the- dioe va*yi

inductnn-eo L4t). fth vaeriab~ble ndi~jwrb 14(t) io waiouLatod 1k' thri irfliAd

gin] and an altemiitting Cufleht !a yrtntIUCtd in tuc crfladt vhtich VIU flow

through tuo load revietawoe

The pwaamtric WWL generator has been lnnhatibated oxtonnivel4 by

Wo~odon awd Latin. AMj Nownv in Figure 1.3, sluijo o, eiwiu3l pVhaMa arciud

to eMite an W4 reOnAnt circuit by 0faUsinS thO ihdtctnco Of thet Cu1l

naing to very. at twice the resonant froquency of the circuit. Under

certain conditlun. thtw oyatem should upurata in tho oteady tatet vith no

sieatriaa2. excitation, e.g., operate no a self excited generntor.

1i en early luirftlflatilo% Woodeon ana Lewia formuisted au oquitvetent

circuit to a stlet the avowuptiou that slinge frequecy p~oer -Mo tw be
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generated. This equivalent circuit was then related to seen of the gao

! 'properties by using excrimente.1 results obtained Xrom n investiptilon

ieW Lvs-1t6 aJ d& i6t~aIO0 Xly iVen nhock 4YUbe. from the analysis aMd th6

experiments estimatea vere amde of the magneti-c Reynolds nmaer r"e.lred

Sfor ancient rzeration and it vas concluded tht anetic cynlds

-- hi umbore in the rarge m -M 2i000 vere necessary for self excitation and "
efficient generation. EStites of the electrical eiiency (ratio of

pvv~er delivered to the load to the pover generated) and ratio of active

to reactive power were also cowidered. For It approximately 1000, an

electrical efficiency of approximately 330j. ad an active t~o reactiveN

pavr ratio of spp'ox•'te, 0.3 wre presen~ed. A

In a more refined analysis with a morm general equiviaent

circuit, it was found that approximate values of the patnters for the

equivalent circuit could be obtained from small sigmn measurements in

the olausoidal steady state with a stationary gentry. This procedure

alloved the oircutt parameters to be related to the magnetic Reynaols

nroacr ad also allywod the aetu minatiou of a Ahditm value of F for

self excitation without solvng the complex time depentent wmgnetohydro-

dynamic equations. As in the previois analysis, the plasma compressibility

was neglected, an it waa also assumed that the mtanetio field did not

srract the gas flay.

An experiment was perfcsrred using a device with copper, slugs mounted

on a rotatAni wheel. The slugs were allowed to pass- between the poles of

g two coil electromanet, and m•asuremnts were token for various stationary

positions of the slgs

The approximate values obtained from the stationary measurements

agreed well with the terminal relations of the coil while the wheel was

•-I • _•'". .. _":. .' , -
______________in________•___,,a"______nn____'___=



1: rIng. The -results of the experimental and theoretiLcal considerations
indicated that the generator voul4 operate in the range of mapetic

0' R~~eyroldes masbers of 50-100. CriteriLon ter self excitation; e~atrt_

*Zfleienocr, and ratio of active to reactive power, were presented,

T*1blo )=I belov 8uamwizes 5'me ,'a]ue that were quoted for electrical

ýtffic±enoy,! reactive powe-r ratio.. ~and ea~timtd ~er&-mtaor radii for

operation with combustion gases, based on the iaUa aigrAJ. anvyia.

Table 2Mtx

!4Agnetic Raynoldo Number 50 100

Electrical Eficeucy 25% %

MectriaJ. Xfficiency for
zad~ power output 12.5% 25%

Ratio of "eactive power to
gentsrated power ~ 150 10

Fstir r~ gnerator radiue
50 ADO

*Referenices 81,83.

-he aiiull signa)l ansl~sis gave come of the req~d).axezats fcr efficient
operation, but s&xother study8 '8  was conducted In order to extenw. the

analysis to the large signal. case for which the magnet.L_ field strongly

affects the gas flow. Mbe interaction between the magnetic field and the

gas flow was analyzed by using a model which consisted of a nozzle and a

leal~y piston. Two cases were cousift**d:_- 'indeed. flow ý(Piama -buaches

separated by a vacuum) anid continuous flow (regions of htLgu @zd low

conductivity Sas). The iraveatigation was carried out ini order to determinn

the overall1 efficiency, stability, estimates of size, scaling factors of the



j generator, arA also to determine if the msanetlc ReynoIds numaber requirements

were as s9rict as thoge found I±o the smal signal analyals. R*erimenta

vere carried out in a ahock tube using bvdrogen gas in order to examine the

gee• rator operaticn on a h•lf cycle b=sis. So or the •o•clui•ion' of id

study vere: (1) The velocity and conductivity were not increased signifi-

actntly for large jignal operation, indicating that the magnetic Reynolda;

nuaber requirements were not increased signifIcantly for large signal opera-

tion, (2).For very'hAigh %, approximately forty per cent of the gas power

might be extracted for paled flows and apl--ouximately 20% for continuous

flows, (3) The ratio of reactive power to load power W4uld have to be

3pproximately '.0 for effi•±ent operation, (4) A minlmura oRf approximately

100 is required for the generator. The minimzm generator diameter for

combustion gases is approximately 16 weters, with an efftcJe~ncy of approxi-

nmately 3% for continuous flow A:0d 7% for pulsed flowo. For thi- genorator

the optimum Mach number would be 1 - 1.5 with a pover outyat of '000-4000

megawatte and a stagie.tion pressure of one atmosphore.

An inductive MAD generator vhich .utilizes an auxiliary winding has

been investigated by Cormace. The generator consiste4M of a shock tube

with the excitation and output coils constructed and mounted in much the

87 88same manner as in the experiments performed by Lin, et al, end Lewis.

(See Figure 12). Theoretical expressions for the output voltage and power

were calculated on an electrodynamic basis and experimentl. measuremeri's

of the output voltage and power closely agreed with t.3 theormticc•.

considerations. The maximum power generated was approximately 10 watts

foz a period of a few microseconds, and voltageL. in excess of 6 volts vere

generated for approximately the same 1,antth of time.

- I
_____
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1. K*.fm and T. soliech Uave carried out a th0ooetical andI > aig~erimanta2. study of a swimlar type of induction 88 rator, using a

device oimilar to the one ohmin in riglre 1.5. In this cem ugation ai

train of perioxlicaL4y produced pla~am rings are 'projected thluvuh two

qoVia2 min-conduzting cy.liwers in an axia.ll.ry wmmetrla radial magnetic

field wtidch varico a:Lnaao~d1.3-ly in the aial- 4irectiloft vithl- --ve4len.,-th

ac ahova. A solenoid io wound around the outer c~ylitviar to provide an~

elecctrical. output circuit. Fort.lzic werv. derived for the output

voltW)e currentp intcrnal imandnnoe, pover output, Wd ceziveraion

efficiency mAn c~mpaed with the esperimentcl1 resulto using a ahoc)k

F ~tube as a drivtng =oeconimo. Two cItffrrent cacoe viere conaidered, one ~

with and the other vithout a mup~etle wiater:alu to the inner aý-LUnder.

The reaoulto of the eniiilont are ou~mar±i.ed in Taible WI bolov.

Table XIV

Gas Noon

Prenaure -0.01 - 1.m~

Vc2.oeity - Mach 10-30

L=6gth Of 0"xPut Coil P cm (20 turno)

Open Circuit Voltage -40 'volts

Short Circuit Cur~rent -10 eapa

Maxium= Pwer -100) vatto

XaigxAtic Field -3,000 rMause

Outer Cylinder -50 mm

Xnzor Cyliv~r -20 eel

Blectricea Conductivity - 0~ sioo/m

Tm several miuvneeconds
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In additioni to the results mentioned above, a comparison was made

between the amounit of power generated per un~it volume In thi~s config=r-'

tion with, that of a DC, gezerator with segazite4 elet-rcles opertiz~g

under sitmilar conditions. The ratio of P I/P was found to b~e •r 0.3,ac' dc

indicating that higher magnetic ;Melds, velocities, =nd conductivities

are necessary ftr competition with -.' goe~rators. An Investigation of

90another type of AC WE Generator has been car-ried, out by Mtle-ishi.

-3.30 Traveling Vave MM~! Generators

An electrpdeless 14P~ generator v!hich operates 'Ifl much the same

manner as a squirrel cage induction wAchfre has been proposed by

40IMP~in~ et. and, otht---invtoti.gations of this type of machine

have been carried out,

The bewaic machine is shown iii Figure 16. In this device a aiiAusoida).

MAT-Ottc field is produced in the plafsa by a multiphase wirding. Thf

magatic field moves in the flowv direction with a velocity less than The

fM.v velocity and power is transferred -from the gas to the field in the

same mi.amer as in a conventional induction generator, removing the need

for electrodes in contact with the gas.

IL san anal~ysis based on a oimplified model Bernstein, 9 at al. derived

*xpreslions for the complex impedance, pover, and effioitcncy of the

generator. An emaple wasn given for typical channel dimcnsions with the

w=gnetic field produced by copper coils 5 cat thick on the top amd bottor,

faces. The data is shcu-n in Table XV.

For these values, the frequency of the generated power wvuld be 666

39 vith a reactive to active power ratio of a~proxiiiateJly 30. The Power

factor could be improved, somwvhat by increasing the temperatvre and

velocity.
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Table X7

- Permeability 1.26 x k0/coul'

Electrical Conductivity 1-000 mhos/m

Vc4of Gans 2000 ~/e

Wavelength = 1 m

Area 1 m2

Rt.ference 91.

In Bernstein's analysis, the plates of the generator were assumed

to be infinite in two dizransions in order to simplify the analykis.

94 96Later iork by Fanucci, et al. and 3udan, extended the analysis to

account for fringing effects caused by finite lengths. Sudan gave

expressions for the magnetic field, current density, power developed,

power output and Joule losses for the generator, and described a method

to eliminate 'the electromagnetic end effects by a distribution of the

exciting current in the polyphase windings. The possibility of using

fractional wavelength generators for 60 Vz was also mentioned. A

9isimilar investigation has been carried out by Peschks, et al.
118

Peschka, et al. have also conoldcred tha problem of exciation

of the generator using capacitors. Some.i .nvostigation.• into the effects

119 120of a finite width1 1 9 and boundary layer effects have also been reported.

The possibility of using ccnduetin walls has been inveatigated by Porter

Jako126  metoe1yYkvei 2 7~
and Jackson ad mentioned by Yakovlev.a Yakovlev has also qualitatively

128
described a synchronous generator which requires passing currents through

the moving f~uid. T'he moving magnetic fluid created in this way induces

an emf in a set of windings.



There are also geometric variations of this type of generator.

a T 129
'Yntovukiy'tad Tolmach here investigated the .3otution of the MUD

3 tq.Uons tor a ncicaL ±nauction gener&ato, and the impedance of an

a annMular MD generator_3 'h0  , been rezort"c. There arc also ......

papers which consider the theory and appli cation of induction pumps for

U liquid metals.

Lengyel and Ostrach9 have theoretically investigated an AC vortex

MWD generator and presented calculations for the generated poaer,

effective power ohmic losses, izd the electrical efficiency. Perturba-

tion techniques were used to obtain the velocity, field, and current

distributions. A coaxial AC non-equilibrium induction generator has

also been proposed.99

In an effort to increase the efficiency of a traveling wave MHDff

100
generator, Tanner has proposed a configuration in which a steady

field and a traveling field are applied. The generator would be the

conventional DC XI generator with the addition of the traveliug wave

field as shown in Figure 17. As the gas moves down the duct, the

traveling magnetic field excites a wave of temperature, which gives

large periodic increases in the 'conductivity along the duct. The

effective conductivity is increased without increasing the mean temper-

ature of the gas, enabling more work to bo extracted from the gas by the

electrodes than in the DC case..

Calculations were presented for the increase in conductivity due

to the resonance in the duct. It was found that the effective con-

ductivity was increased five times without raising the mean temperature

of the gas, and the only additional requirement was the addition of the

traveling flux wave which was 10-50% of the DC field strength.
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HausI01 reported a one dimensional analysis of an AC MED generator

in wwhIch hydromagnetic waves, in sn infinitely conducting fluid flowing

at z,-:iprL;iC vL-locity, couple with an electrical circuit tc obt&'n

amplification of signals in the clrcult. With the proper feedback,

oscillation 011_ ccc_.r amd the 4e4Lic i genereste elec•r-ic power.3 This idea has been extended by WoodsonI02 to the Case When gas

are ccnsidered. It was found that the generator lengths rectitred for

use with combustion gases were too exceusive, but that for gases such

as hydrogen and argon laboratory experiments could be carried oat.

103Woocson10 has also proposed a conduction AC MHD power generator

with all reactive power handled by inductive energy storage.

The system is shown in Figure 12 for solid electrodes. The basic

generator consists of a constant cross section channel with a constant

velocity conductirg fluid flowing as shown. The two pairs of electrodes

feed through the two sets of coils and the load resistors. The machine

could consist of several of such phases. Preliminary calculations uused

on an incompressible fluid have indicated that the machine mighti, be

promising for gaseous as well as liquid metal MND systems The criterion

that it operate as a self-excited AC machine is that the mechine be

suitable for self-excitation as a DC machine. A prelimirary investigation

of the machine with continuous and segmented electrodes was carried out.

Jackson, Pierson, and Porterl10 have con:idIered the induction

generator for use with liquid mettals. te use of the liquid metal instead

of an ionized gas allows the generator to be operated with a more accept-

able power factor. The effects of magnetic core permeability, field, and

velocity profiles on machine impedance were obtainLd an. compared with the

corresponding results of a on6 dimensional analY!-. 1.. Some measurements of

SII
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fluid velocity, pressure drop, anC power flow on a sodium potassiumj •. closed loop facility ,ere also discussed.

A -- -L4 ±r._ze-•y"des i g f c a 0 M'W powr gencrator was &-Lso presented.

Some of the data 1 ummarized below.

Table XVI

Power Source SNAP 50 Nuclear Reactor

Working Fluid Cesium

Liquid Temperature 1200°K

Electrical Conductivity 1.46 x l06 ;11iaos/m

Fluid Velocity 14.1 m/sec.

Frequency 75 H5.

Field Losses 46 xw

Friction Losses 4-0o watts

Overall Efficiency 67%

Power Factor 0.12

Reference 104.

The efficienev of the machine has been defined as:
Power delJ.vered to coils by gas by - Joule losses in Core

q Frict-on Losses + Mechanical Power Input

Patrick and Lee have also reported som epr6*lidnsXy. measurammnts on a NaK,

lX a -2 liquid metal generator.

.15Weng, and Dudzinsky have reported some theoretical and e-eri-

mental res'lts on en induction traveling wave MD generator. Their theoretical

-.ana:ysis treated the-flow as quasi-one dimensional and accounted for th~e attenu-

atior of the -mve in the cbAunel due to an insulation layer. The analysis

accounted forz-reai mnra effects, and exprfto based on classical machine



theory were presented for the required exciting current gcnerated voltage,

net power output and eleetr.c&k] efflsitency.

An erýerimental generator, rated at 2 to 4W at Žoo-4c0 H7, 220v

In an experiment u.ing 2 aK aI ; a working fluid. the maximum power
S•output has been 1.84 KW with a powe-r factor of 0.11 lagging and a nieL

electria.al efficiency of 36%.

Some of the experimental results are presented below.

Table XVIi

Inlet Pressure f86 psig

Exit Pressure 57 psig N

NaK Flow Rate 19.2 lbisec.

Flow Velocity (calculated) 161.6 it/jsec.

Synchronous Velocity 125.2 ft/sec.

Slip -0.29

F.requeLcy 350 jz

Terminal Voltage 126 volts

Line Clrrent 46 amps

To-taZ Power Generated 1840 watts

Reference 115.

74

&
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.2On of' the moot attractiv,; featuares of an MHD power genere'cor is

the potential for achieving high specific power outputs from saall
i d evice for short periods of time. To date several generators have

been designed speceir call- for Ingh p=rer. it" d ....... .

Systems vhich might use power at these high levels are high power radar

systems, sonar, X-ray, emerg.,ncy communication systems, laser pumping,

etc.

For large power outputs from r~latively smell lightweight, devices,

the possibility of using, explosive driven MI generaors has been

proposed and some investigations Into this type of system have been

carried out.

106-1o8
At 12D Research, Inc. , experimental and theoretical woz-k

has been performed to determine the basic physical processes occurring

in the explosive driven generator and -o obtain the necessary data for

scaling to larger units. A wide range of experiments have beer conducted

to investigate factors such as the choice of explosives, geometry,

pressure, initial composition of gases, seeding, optimum load conditions,

etc. The major emphasis has been placed upon determining the effect of

these variables and others such as velocity, conductivity, magnetic

field, on the performance of the generator.Sexperment s07,108

Recen*. experiments were 2onducted in two different sized

chan.nels under a variety of initial conditions. Some of the results for

one o: -i:Lc channels are presented in Table XVIII.

',-.niham and Marshall1 09 have considered the possibility of using an

"inuctively coupled explosive M1D generator. Measurements of conductivity

and velocity of seeded detonatation charges have indicated thct magnetic

5m '

m 4a
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Table XVII I

Peak Poaer 23 1W

Output Current 3 0,0 •0 amp

'("0 vol-ts

Load Resistance 25.8 ohms

Dimensions of mfD Channel 1 x 4 x 8 inches long

Pulse Length 60pec.

Magnetic Field 23,500 gass

Conversion Efficiency (chem. to elec.) 1 per cent

-references l0'b,108. More detailed information is given in
the reference= .

""leynolds numbers greater than 20 have been achieved. In a recent paper,

electrodeless and electrode type generation equipment w&s discussed

briefly together with some theoretical considerations. Some of the

niajor advantages of the electrodeless generator over the electrode

type were pointed out and also some experimental results of both con -

figuratious were reported. The electrode generator, which is the

ordinary DC channel MKD generator has problems of electrode sheaths,

low internal impedance (which requires low impedance Loads for matching',

output limitations because of electrode current density considerations,

etc.

On the other hand, the electrodeless MWD 6enerator, operating under
A '

similar conditions, with explosive driving, seems to be ideally ruited

for this type of operatlon. The electrod.eless generator would be au

indiuctively coupled device similar to the one investigated by Cormack.)
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Experiments were perfo~rmed with both the electrode arnd electrodeless

type generator and it was reported that a generator based on the

electrodeless concept iiad shown a =alil loeA output of approximately

,foMr tim,23 that of tLe ele e Itpe. It was concl..ed traw pulsed

MED generation using conventional explosives will occur most efficiently

through the use of the electrodeless model.

The possibility of using an explosive driven MHD generator for laser

223
1,pumping has been reported. The generator was ubed to pump a neodymium

doped crown glass laser, which was preionized by an external power supply.

The experimental generator was operated with a magnet.:c field of 2.8

2
web/m . The denotation of a one pound charge of high-explosive C-4

was initiated by a plane wave generator to create a plane weve front of

plasma with an initial velocity of 11 km/sec. The generator channel

had an electrode separation of 0.15 m, a width of 0.2 m and was I m

long. With an open circuit voltage of 3.2 aV and a peak current of

430 KA for a pulse length of 200 microseconds, the generator fired a

low impedance, ccaxi&a. t•ash lamp filled with argon at 150 mm Hg.

Laser threshold, which was substianted by damage produced on an external

targets: was achieved 60 microseconds after the start of the current

pulse. Peak power in the flash laml; was 70 MW and the current pulse

lasted 165 microseconds, giving an energy dissipation in the flash

laaq, of 6,000 joules.

The efficiency of the explosive driven generator is approximately

251; mechanical to electr.&al; and approximately 11%, chemical to

electrical. Pulse lengths up to one or two milliseconds appear to be

feasible. Brogan and Mattoon have investigated the possibility of

using rocket engines as a source of large amounts of power for short

.ii



s.iounts of time. Estimates were made of the power output avalable

from conventional rocket systems such as the TNtnn, Satu-n• etc, 0-0 =

design of a 20 MW prototype generator was presented. The results for a

Titan rocket driven MD generator, for example, have been reproduced

be low

Table XIX*

Thrust 260,000 lbs.

Mass flow 10 40 lbs/sec-

Output -1500 MW

Estimated Equipment Cost $6/Kw output

Efficiency 0.28

Range of Available Output Voltage 4-25 KV

Reference 110,

The results for several other rockets were presented.including thore for

a Nova Cluster.

4. .. - ".. . .. .. .-•
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